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1.0  Executive  Summary 

The  proposed  work  was  aimed  at  optimization  of  the  photorefractivity  in  the  E-VI 
semiconductors  CdTe,  ZnTe  and  Cdi.xZnxTe  for  real-time  optical  signal  processing  applications  at 
near  infrared  wavelengths.  Our  goal  was  to  obtain  application  quality  photorefractive  crystals  with  a 
minimal  concentration  of  intrinsic  and  extrinsic  point  defects,  dislocation  density  and  twins  in  these 
crystals.  We  were  able  to  achieve  these  goals  though  the  following  material  processing  steps: 
extensive  purification  of  the  starting  materials,  purification  of  the  compounds,  crystal  growth  under 
controlled  conditions  of  heat  and  mass  transfer,  in  situ  annealing  of  the  crystals  subsequent  to 
growth  and  annealing  of  the  crystalline  samples  under  various  partial  pressures  of  cadmium  and 
tellurium  vapors.  Optimization  of  the  temperature  distribution  in  the  melt  and  a  careful  control  of 
the  solid/liquid  interface  was  used  to  minimize  stress,  the  density  of  dislocations  and  the 
concentration  of  twins  in  the  resulting  crystals.  Post-growth  annealing  in  the  presence  of 
cadmium/tellurium  vapor  was  performed  to  lower  the  dislocation  density,  the  vacancy 
concentration  and  the  concentration  of  tellurium  precipitates. 

During  this  work,  several  crystals  of  ZnTe,  CdTe  and  Cd].xZnxTe  were  grown.  The  crystals 
were  doped  with  either  vanadium  or  both  vanadium  and  manganese.  We  found  during  our  work 
that  only  the  transition  metal  vanadium  was  successful  in  producing  photorefractivity  when  used  as 
the  dopant  in  the  CdTe  and  Cd].xZnxTe  crystals.  The  addition  of  manganese  along  with  die 
vanadium  was  found  to  enhance  the  photorefractive  properties  of  the  crystals,  but  manganese  alone 
did  not  induce  photorefractivity  in  the  crystals.  We  also  found  that  the  transition  metal  scandium 
produced  photorefractive  material  when  added  to  ZnTe,  so  during  this  project,  one  scandium  doped 
ZnTe  crystal  was  grown.  At  this  time,  the  role  of  the  vandium  dopant  in  the  band  structure  of  the 
photorefractive  crystals  is  not  clearly  understood.  Thus,  further  study  into  this  area  is  needed  in 
order  to  optimize  the  photorefractive  gain  of  these  crystals. 

Crystal  growth  of  ZnTe  and  CdTe  was  carried  out  using  low  supersaturation  nucleation  and 
"contactless"  growth  by  vertical  physical  vapor  transport  (PVT)  in  closed  ampoules  [6,7].  The 
growth  rate  as  a  function  of  furnace  profile,  ampoule  geometry,  material  stoichiometry  and 
hydrogen  pressure  was  investigated.  We  determined  a  method  to  improve  stoichiometry  of  the 
source  material  during  crystal  growth  by  lowering  the  partial  pressure  of  the  excessive  component 
to  levels  that  were  controlled  by  the  temperature  of  the  cold  zone,  pulling  rate  of  the  ampoule  and 
crystal  growth  rate.  Our  investigation  of  temperatures  suitable  for  nucleation  and  "contactless" 
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growth  also  led  to  optimal  conditions  for  stability  of  the  growth  interface.  We  determined  a 
constitutional  supersaturation  criterion  which  ensures  a  stable  growth  interface.  Additionally,  CdTe 
and  Cdi-xZnxTe  crystals  were  grown  using  the  vertical  Bridgman  technique. 

The  quality  of  the  crystals  grown  during  this  work  was  evaluated  based  on  optical, 
electrical  and  structural  characterization.  Infrared  microscopy  was  used  to  examine  the  internal 
crystalline  structure  of  the  samples.  Most  of  the  crystals  grown  during  this  work  exhibited 
photorefractivity  and  photoconductivity.  The  resistivity  of  the  vanadium  doped  crystals  under  dark 
conditions  was  found  to  be  between  108  to  1010  fi-cm.  The  resistivity  decreased  significantly  in  the 
presence  of  illumination  indicating  that  the  crystals  were  highly  photoconductive.  The  absorption 
spectrum  from  the  ZnTe  and  CdTe  samples  generally  showed  fairly  low  absorption  in  the  near 
infrared  wavelength  range.  However,  it  is  difficult  to  obtain  high  quality  Cd].xZnxTe  with  low 
absorption  because  of  the  separation  between  the  liquidus  and  solidus  curves  in  the  pseudobinary 
phase  diagram  of  CdTe-ZnTe  [13].  Thus,  we  were  only  able  to  obtain  one  crystal  of  Cdi.xZnxTe 
with  acceptable  transmission.  This  crystal  did  exhibit  photorefractivity  with  a  gain  of  ~  0.27  cm'1 
at  a  wavelength  of  1 .3  pm  and  at  a  grating  spacing  of  1  pm. 

The  photorefractive  properties  of  the  CdTe  and  ZnTe  crystals  grown  during  this  project 
were  characterized  by  two  beam  coupling.  The  measurements  were  carried  out  at  0.633pm,  the 
semiconductor  laser  wavelength  range  of  0.700  to  0.850pm,  and  the  important  optical 
communication  wavelengths  of  1.3  and  1.5pm.  All  of  the  measurements  revealed  a  strong 
photorefractive  nonlinear  effect.  In  vanadium  doped  ZnTe,  we  observed  a  photorefractive  gain  of 
0.6cm'1  at  a  wavelength  of  0.80pm  and  a  grating  spacing  of  1pm.  The  photorefractive  gain 
observed  in  vanadium-manganese  codoped  ZnTe  was  much  higher  than  the  gain  in  ZnTe:V.  The 
photorefractive  gain  in  ZnTe:V:Mn  (at  1pm  grating  spacing)  at  0.63pm  was  1.52cm'1  and  at 
0.80pm  it  was  1.3cm'1.  In  CdTe:V,  the  two  beam  coupling  gain  at  Ag  =  0.6pm  and  X  =  870nm 
was  approximately  1.1  to  1.2  cm’1. 

2.0  Introduction 

A  current  need  exists  for  photorefractive  materials  operating  at  near  infrared  wavelengths 
for  real-time  optical  processing  applications  at  room  temperature.  Brimrose  has  been  a  leading 
company  internationally  and  perhaps  the  only  company  in  the  country  .to  have  produced 
photorefractive  semiconductors  such  as  CdTe:V  [1,2],  ZnTe:V  [3,4]  and  Cdi.xZnxTe:V  [4]  which 
operate  at  near  infrared  wavelengths.  However,  the  factors  affecting  the  reproducibility,  uniformity 
of  photorefractive  response  and  mobility-lifetime  product  are  not  completely  understood. 
Furthermore,  the  relation  between  the  photorefractive  response  and  the  nature  and  concentration  of 
the  dopant/s  is  not  fully  understood. 

Efficient  photoconductivity  is  a  prerequisite  for  the  photorefractive  process  and  affects  the 
saturation  intensity,  the  efficiency  and  the  speed  of  non-linearity.  Also,  the  ability  to  write  an 
efficient  grating  at  low  intensity  levels  requires  a  large  dark  resistivity.  Both  the  resistivity  and 
photoconductivity  of  any  photorefractive  material  depends  on  its  transport  properties,  carrier 
mobility  and  lifetime.  In  an  ideal  undoped  crystal  at  a  given  temperature,  mobility  is  a  material 
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property  that  depends  on  the  effective  carrier  mass  and  optical  phonon  structure.  However,  to 
induce  photorefractivity  in  II- VI  compound  semiconductors,  doping  with  transition  element 
impurity/impurities  having  levels  deep  within  the  energy  bandgap  of  the  host  material  is  required. 
For  extrinsically  and  intrinsically  doped  “non-ideal”  ciystals,  the  mobility  and  the  lifetime  depend 
upon  the  physical  and  chemical  imperfections  in  the  crystal  (dislocation  density,  twinning,  and 
other  recombination  centers  in  the  crystal  lattice).  Thus,  a  reduction  in  these  imperfections  can 
improve  the  crystal’s  transport  properties. 

It  is  evident  in  our  previous  work  [1-5],  that  the  optimization  of  the  photorefractive  effect  in 
E-VI  semiconductors  is  largely  dependent  on  the  type  of  dopant  and  the  nature  of  the  host  matrix. 
Electron-paramagnetic  resonance  (EPR)  studies  clearly  revealed  that  the  vanadium  levels  are 
optically  active  in  CdTe:V.  However,  in  similar  studies  of  ZnTe:V,  the  signature  of  vanadium 
incorporation  in  the  crystal  lattice  was  not  observed.  Also,  the  photorefractive  effect  was  more 
pronounced  in  CdTe:V  compared  to  ZnTe:V.  Furthermore,  the  addition  of  manganese  to  ZnTe:V 
enhanced  the  photorefractivity  while  the  effect  of  manganese  addition  to  CdTe:V  was  not 
significant.  Thus,  the  nature  and  concentration  of  the  dopant  as  well  as  the  nature  of  the  host  matrix 
have  a  significant  impact  on  the  photorefractive  properties  of  these  crystals. 

This  work  was  aimed  at  optimizing  the  photorefractivity  in  the  II- VI  semiconductors  CdTe, 
ZnTe  and  Cd].xZnxTe.  Our  goal  was  to  obtain  application  quality  photorefractive  crystals  with  a 
minimal  concentration  of  intrinsic  and  extrinsic  point  defects,  dislocation  density  and  twins  in  these 
crystals.  This  was  achieved  though  the  following  material  processing  steps:  extensive  purification 
of  the  starting  materials,  purification  of  the  compounds,  crystal  growth  under  controlled  conditions 
of  heat  and  mass  transfer,  insitu  annealing  of  the  crystals  subsequent  to  growth  and  annealing  of  the 
crystalline  samples  under  various  partial  pressures  of  cadmium  and  tellurium  vapors.  Optimization 
of  the  temperature  distribution  in  the  melt  and  a  careful  control  of  the  solid/liquid  interface  was 
used  to  minimize  stress,  the  density  of  dislocations  and  the  concentration  of  twins  in  the  resulting 
crystals.  Post-growth  annealing  in  the  presence  of  cadmium/tellurium  vapor  was  performed  to 
lower  the  dislocation  density,  the  vacancy  concentration  and  the  concentration  of  tellurium 
precipitates. 

The  quality  of  the  crystals  was  evaluated  based  on  optical,  electrical  and  structural 
characterization.  The  photorefractive  measurements  conducted  during  this  work  were  carried  out 
at  0.633pm,  the  semiconductor  laser  wavelength  range  of  0.700  to  0.850pm,  and  the  important 
optical  communication  wavelengths  of  1.3  and  1.5  pm.  With  the  successful  growth  of  high 
quality  crystals,  our  materials  can  be  used  in  various  applications  involving  detectors  and  electro¬ 
optic  devices. 
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3.0  Crystal  Growth 

3.1  Purification 

Both  intrinsic  and  extrinsic  defects  affect  the  optoelectronic  properties  of  ZnTe,  CdTe,  and 
Cdi.xZnxTe.  In  order  to  improve  the  producibility  of  high  quality  crystals,  extensive  purification  of 
the  constituent  elements,  cadmium,  tellurium  and  zinc,  was  carried  out.  The  received  elements 
were  99.9999%  pure.  These  elements  have  relatively  low  melting  points  (Tm(cadrnium)=320°C, 
Tm(zinc)=420°C  and  Tm(telluriurn)=450°C),  and  relatively  high  vapor  pressures  at  low 
temperatures.  Therefore,  both  sublimation  and  distillation  under  dynamic  vacuum  (*10'6  torr)  were 
used  for  further  purification.  In  order  to  prevent  the  transfer  of  the  non-volatile  or  less  volatile 
impurities  in  the  condensation  region,  sublimation  of  these  materials  was  not  carried  out  to 
completion. 

3.2  Low  Supersaturation  Nucleation  and  “Contactless”  Growth 


Crystal  growth  of  ZnTe  and  CdTe  was  carried  out  using  low  supersaturation  nucleation  and 
"contactless"  growth  by  vertical  physical  vapor  transport  (PVT)  in  closed  ampoules  [6-8].  This 
method  is  described  as  follows. 


Source  material  was  vacuum  sealed  in  fused  silica  ampoules  that  were  about  20cm  long 
with  an  inner  diameter  of  25mm.  An  inert  atmosphere  of  approximately  50mbar  of  high  purity 
hydrogen  was  created  in  the  ampoule  prior  to  sealing.  The  ampoule  consisted  of  three  chambers 
separated  by  two  plugs.  The  diameter  of  these  plugs  was  slightly  smaller  than  the  inner  diameter  of 
the  ampoule.  The  plug  located  between  the  second  and  third  zones  was  sealed  to  the  ampoule  wall 
such  that  only  a  narrow  slit  was  left  unsealed,  making  possible  the  slow  transport  of  gases  between 
zones  II  and  III.  The  plug  located  between  the  first  and  second  zones  was  fixed  to  the  ampoule 
wall,  but  the  slit  between  the  plug  and  the  ampoule  wall  was  mostly  unsealed. 

Prior  to  growth,  the  source  material  was  placed  in  zone  II.  The  ampoule  was  placed  in  a 
furnace  with  a  sharp  parabola-like  temperature  profile  such  that  zone  II  was  located  at  the 
maximum  temperature  (1050°C),  zone  I  was  located  at  a  temperature  approximately  50°C  lower, 
and  zone  III  at  a  temperature  400°C  lower.  Such  a  configuration  allowed  the  transport  of  gases 
from  zone  II  to  both  zones  I  and  III.  However,  the  difference  in  cross  section  of  the  slits  between 
the  plugs  and  ampoule  wall,  as  well  as  the  difference  in  temperature  between  the  zones,  caused  a 
majority  of  the  source  material  to  be  transported  to  zone  I,  and  deposition  of  the  excessive 
component  in  zone  III. 

After  the  source  material  was  fully  transported  from  zone  II,  the  ampoule  was  shifted  such 
that  the  material  was  transported  from  zone  I  back  into  zone  II.  Since  the  temperature  of  the  plug 
between  zones  I  and  II  was  only  a  few  degrees  lower  than  the  surface  of  the  source  material, 
spontaneous  nucleation  did  not  occur  on  the  front  of  the  plug.  Both  axial  and  radial  temperature 
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gradients  across  the  source  material  caused  a  change  in  the  shape  of  its  surface  such  that  a  cone 
with  a  monociystalline  peak  aimed  at  the  plug  was  formed.  A  further  increase  in  the  temperature 
gradient  between  the  source  material  and  the  plug  separating  zones  I  and  II  (also  called  the  crystal 
holder)  led  to  adhesion  of  the  monocrystalline  part  of  the  source  to  the  crystal  holder,  separation 
from  the  source  material,  and  growth  of  the  ZnTe  or  CdTe  crystal  by  PVT.  Figure  la  through  lg 
show  the  stages  of  low  supersaturation  nucleation  and  “contactless”  growth  of  a  crystal.  A 
photograph  of  a  ZnTe  crystal  still  attached  to  the  crystal  holder  is  shown  in  Figure  2. 
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Figure  2  ZnTe  crystal  still  attached  to  the  crystal  holder. 

The  growth  rate  as  a  function  of  furnace  profile,  ampoule  geometry,  material  stoichiometry 
and  hydrogen  pressure  was  investigated.  The  maximum  furnace  temperature  was  in  the  range  of 
815-1050°C.  We  were  looking  for  optimal  conditions  for  the  highest  growth  rate  at  the  lowest 
possible  temperature.  The  highest  transport  rate  (a  few  mm/day  at  815°C  and  a  temperature  gradient 
of  10°C/cm)  was  obtained  in  an  ampoule  where  carefully  prepared  near  stoichiometric  material  was 
sealed  under  high  vacuum  (10‘6  torr)  without  hydrogen.  However,  at  such  a  low  temperature  the 
crystal  was  not  single.  Additionally,  under  these  growth  conditions,  most  of  the  material  was 
transported  to  zone  II  and  the  size  of  the  crystal  was  relatively  small.  Using  the  ampoule  described 
above,  material  containing  an  excess  of  tellurium,  a  growth  temperature  of  1050°C  and  a  growth 
rate  in  the  range  of  5-10mm/day,  good  reproducibility  of  the  growth  conditions  was  achieved. 
Growth  of  "contactless"  crystals  at  this  high  temperature  (1050°C)  decreases  the  risk  of 
constitutional  supersaturation  instabilities.  However,  the  fast  transport  rate  must  be  limited  by  an 
excess  component  in  the  vapor  phase  such  as  tellurium  or  an  inert  gas. 

The  growth  of  ZnTe  and  CdTe  crystals  by  PVT  from  near  stoichiometric  source  material  is 
possible  over  a  relatively  wide  range  of  temperatures  due  to  its  high  saturated  vapor  pressure  at 
temperatures  far  below  the  melting  point  [9].  However,  it  is  extremely  difficult  to  control  the 
transport  rates  in  nearly  stoichiometric  material.  If  the  in  situ  purified  material  is  removed  from  the 
ampoule  and  mechanically  crushed  and  powdered,  its  surface  oxidizes  relatively  fast  in  the  presence 
of  air,  and  the  material  is  apt  to  lose  its  stoichiometry  during  sealing  of  the  growth  ampoule  If 
compacted,  the  material  stoichiometiy  is  generally  poor  and  hard  to  improve. 

The  method  of  improving  stoichiometiy  of  the  source  material  during  crystal  growth  used 
here  satisfactorily  stabilizes  the  growth  conditions  by  lowering  the  partial  pressure  of  the  excessive 
component  to  levels  controlled  by  the  temperature  of  the  cold  zone,  pulling  rate  of  the  ampoule  and 
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crystal  growth  rate.  The  procedure  of  pre-subliming  the  material  from  zone  II  to  zone  I  considerably 
improves  the  uniformity  of  distribution  of  the  transition  metal  dopants.  It  is  transported  from  the 
non-compacted  source  through  the  slit  in  amounts  adequate  to  impose  transport  conditions.  The 
excess  of  non-volatile  transition  metal  elements  stays  in  zone  II  and  does  not  disturb  further  growth 
of  the  crystal.  Also,  the  eventual  non-volatile  impurities  of  the  source  material  stay  in  zone  II  and 
cannot  be  transported  to  zone  I  by  convection. 

The  method  of  low  supersaturation  nucleation  ensures  formation  of  good  quality  seeds.  The 
investigation  of  temperatures  suitable  for  nucleation  and  "contactless"  growth  also  leads  to  optimal 
conditions  for  stability  of  the  growth  interface.  According  to  our  constitutional  supersaturation 
criterion  [10,12],  the  stable  growth  interface  results  from  a  low  ratio  of  the  gradient  of  vapor  above 
the  interface  and  the  gradient  of  temperature  along  the  crystal  close  to  the  interface.  Thus,  more 
stable  growth  is  always  expected  for  low  growth  rates.  An  increase  in  the  growth  rate  with  a  stable 
interface  is  possible  only  at  higher  temperatures  [11,12]  or  steeper  furnace  temperature  gradients. 
However,  an  increase  in  temperature  as  well  as  an  increase  in  the  furnace  temperature  gradient  is 
limited  by  temperature-dependent  thermal  properties  of  the  growing  material. 

3.3  Bridgman  Growth 

Crystal  growth  of  CdTe  and  Cd].xZnxTe  was  carried  out  using  the  vertical  Bridgman 
technique.  For  synthesis,  the  purified  starting  materials  were  carefully  weighed  in  correct 
stoichiometric  proportions  and  placed  in  graphitized  fused  silica  ampoules  (approximately  20cm 
long  and  20mm  in  diameter).  Vanadium  was  added  so  that  the  starting  concentration  of  the  dopant 
was  lxlO19  atoms/cm3.  After  being  vacuum  sealed,  the  ampoules  were  placed  in  a  three  zone 
Bridgman  furnace.  The  temperature  of  the  furnace  was  controlled  as  follows:  1)  increased  to  600°C 
in  two  hours  and  held  constant  for  12  hours;  2)  increased  to  1 125°C  over  24  hours;  3)  held  constant 
and  allowed  to  react  and  mix  for  24  hours;  4)  decreased  to  room  temperature  over  a  24  hour  period. 

The  synthesized  ingots  were  removed  and  cleaned  in  a  bromine  in  methanol  solution  and 
resealed  under  vacuum  in  graphitized  fused  silica  ampoules.  The  individual  ampoules  were  again 
placed  in  the  Bridgman  furnace  and  the  temperature  was  increased  to  1125°C  in  24  hours.  The 
material  was  kept  in  the  molten  state  for  approximately  24  hours.  Crystal  growth  was  started  by 
translating  the  ampoule  down  across  the  temperature  gradient.  The  lowering  rate  was  2mm/hour 
and  the  temperature  gradient  was  20°C/cm  (4°C/hour).  After  solidification  was  complete,  the  boule 
was  kept  at  a  temperature  between  925  and  975°C  and  allowed  to  anneal  for  a  period  of  48  hours. 
Finally,  the  furnace  was  brought  to  room  temperature  at  a  rate  of  about  1  °C/min. 

3.4  Sample  Preparation 

During  this  work,  several  crystals  of  ZnTe,  CdTe  and  Cdi.xZnxTe  were  grown.  The  crystals 
were  doped  with  either  vanadium  or  both  vanadium  and  manganese.  One  ZnTe  crystal  that  was 
grown  was  doped  with  scandium  (ZnTe: Sc).  An  example  of  wafer-like  pieces  that  were  cut  from  a 
single  crystalline  section  of  a  CdTe:V  boule  are  shown  in  Figure  3. 
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Figure  3  Wafer-like  pieces  that  were  cut  from  a  single  crystalline  section  of  a 
CdTe:V  boule. 

The  cleavage  planes  are  clearly  seen  in  these  photos.  A  section  of  the  vanadium-manganese 
co-doped  ZnTe  crystal  is  shown  in  Figure  4(a)  and  Figure  4(b).  The  first  grown  part  of  the  crystal, 
grown  close  to  the  crystal  holder,  is  characterized  by  a  strong  tendency  to  twinning.  Additionally, 
adhesion  of  the  crystal  to  the  crystal  holder  resulted  in  cracking  of  this  part  of  the  crystal.  The  last 
grown  part  of  the  crystal,  located  far  from  the  crystal  holder,  showed  less  twinning  behavior. 
Traces  of  cracking  were  not  found  in  this  part  of  the  crystal.  We  also  grew  a  large  77  gram  boule  of 
ZnTerV  during  this  work.  A  photograph  of  a  section  of  this  crystal  is  shown  in  Figure  5.  It  was 
mostly  single  crystalline  with  small  grains  on  the  outer  edges. 
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(a)  (b) 

Figure  4  a  &  b  Section  of  co-doped  ZnTe:V:Mn  crystal. 


Figure  5  Section  of  77  gram  ZnTe:  V  crystal. 


The  crystals  were  oriented  using  x-ray  diffraction.  An  example  of  a  Laue  pattern  from  a 
CdTe:V  crystal  is  shown  in  Figure  6,  and  the  Laue  photographs  of  a  ZnTe:V  sample  and  a 
ZnTe:Mn:V  sample  are  shown  in  Figure  7.  The  size  and  shape  of  the  Laue  spots  are  indicative  of 
good  quality  crystals.  Samples  were  cut  and  mechanically  lapped  and  polished.  The  samples  had  an 
orientation  of  <110>x<110>x<100>.The  individual  crystal  samples  were  then  used  for  further 
analysis. 
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Figure  6  Laue  pattern  from  a  CdTe:V  crystal. 


Figure  7  Laue  photographs  of  the  (110)  face  of  ZnTe:V  (top)  and 
ZnTe:Mn:V  (bottom). 
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4.0  Crystal  Characterization 
4.1  Characterization  of  CdTe 

Infrared  microscopy  was  used  for  examination  of  the  crystalline  structure  of  the  CdTe:V 
samples.  With  an  infrared  microscope  we  were  able  to  view  the  surface  and  the  bulk  of  the  crystals. 
Pictures  taken  within  the  bulk  material  of  a  CdTe:V  crystal  are  shown  in  Figure  8.  These  photos 
show  the  presence  of  precipitates  and  inclusions  within  the  bulk  of  the  crystal.  (The  scratch-like 
marks  in  the  photo  on  the  right  are  surface  marks  that  had  carried  dirough  into  the  bulk).  For 
comparison  purposes,  we  also  examined  a  CdTe  substrate  that  we  obtained  from  a  commercial 
supplier.  Pictures  taken  using  the  IR  microscope  of  the  bulk  of  this  sample  clearly  show  the 
presence  of  a  fairly  high  concentration  of  precipitates.  The  pictures  are  also  very  “foggy”  in 
appearance  indicating  lower  crystalline  quality  compared  to  CdTe  crystals  grown  at  Brimrose 
during  this  project. 

The  CdTe:V  crystals  grown  during  this  work  exhibited  photorefractivity  and 
photoconductivity.  The  resistivity  of  the  CdTe:V  crystals  under  dark  conditions  were  found  to  be 

n  ia 

between  10  to  10  Q-cm.  The  resistivity  decreased  significantly  in  the  presence  of  illumination 
indicating  that  the  crystals  were  highly  photoconductive.  The  absorption  coefficient  of  the  CdTe:V 
crystals  were  typically  between  3  and  4  cm'1  over  the  wavelength  range  of  interest.  Plots  of 
transmission  and  absorption  coefficient  versus  wavelength  for  a  CdTe:V  crystal  are  shown  in 
Figure  9.  The  two  beam  coupling  gain  coefficient  as  a  function  of  grating  spacing  for  a  CdTerV 
crystal  is  shown  in  Figure  1 0.  The  peak  two  beam  coupling  gain  was  approximately  0.8  cm'1  at  Ag  = 
0.6  pm. 
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Figure  8 


Infrared  microscopic  photos  of  CdTe:V  crystals 
Scale  (left)  =  100  pm/inch  (right)  =  50  pm/inch. 
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A  co-doped  sample  of  CdTe  (CdTe:V:Mn)  was  analyzed  using  a  diode  pumped  Cr:LiSAF 
laser  (cw)  that  has  a  tuning  range  from  850nm  to  925nm.  The  absorption  coefficient  as  a  function  of 
wavelength  (Figure  11)  shows  a  to  be  on  the  order  of  5  cm'1.  This  high  absorption  coefficient  was 
due  to  the  high  doping  level  in  die  crystal.  We  also  found  that  there  was  no  obvious  intensity 
dependence  in  the  absorption  (Figure  12)  indicating  that  there  is  most  likely  only  one  set  of 
photorefractive  centers.  The  two  beam  coupling  gain  coefficient  as  a  function  of  grating  spacing  at 
870  nm  is  shown  in  Figure  13.  The  pump  beam  intensity  was  approximately  2  W/cm2,  and  the 
pump  to  signal  beam  intensity  ratio  was  «  40:1.  The  two  beam  coupling  gain  was  1.1  to  1.2  cm'1  at 
Ag  =  0.6  pm.  This  measurement  was  performed  with  no  externally  applied  field.  Assuming  that  the 
electro-optic  coefficient  does  not  vary  much  with  the  internal  beam  angle  and  the  relative  dielectric 
constant  is  approximately  er «  10,  then  the  effective  trap  density  can  be  calculated  to  be  Neff  «  1.5  x 
1015  cm'3.  We  also  measured  the  coupling  as  a  function  of  wavelength  for  a  fixed  grating  spacing 
(0.84pm)  and  beam  ratio  (Figure  14).  This  plot  shows  that  once  the  wavelength  is  away  from  the 
band  edge,  the  coupling  response  is  fairly  flat. 
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Figure  13  Two  beam  coupling  gain  versus 
CdTe:V:Mn. 
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Figure  14  Two  beam  coupling  gain  as  a  function  of  wavelength  for  a  fixed 
grating  spacing  of  0.84pm  and  fixed  beam  ratio  for  CdTe:V:Mn. 


4.2  Characterization  of  ZnTe 

Infrared  microscopy  was  used  to  examine  the  structural  properties  within  the  bulk  of  several 
of  the  ZnTe  ciystals.  The  photos  at  the  top  of  Figure  15  show  the  bulk  crystalline  structure  at 
different  depths  within  a  ZnTe:V:Mn  as-grown  sample.  These  photos  show  the  presence  of 
precipitates  and  "decorated"  twins  (impurity  defects  at  die  location  of  die  twin).  The  photos  at  the 
bottom  of  Figure  16  are  from  an  annealed  crystal  of  ZnTe:  V.  Precipitates  can  also  be  seen  in  these 
photos  as  well  as  cross-hatch  markings,  which  may  represent  micro-twins. 
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Figure  16.  Infrared  microscope  pictures  of  annealed  ZnTe:V  (scale  100pm/ inch). 
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Figure  17  show  photographs  taken  using  the  infrared  microscope  within  the  bulk  of  a 
vanadium  doped  sample  (left)  and  a  vanadium-manganese  co-doped  sample.  Both  of  these  crystals 
showed  very  uniform  bulk  properties  with  the  presence  of  submicron  precipitates.  The  shadings 
seen  within  these  photos  are  characteristic  of  crystals  which  exhibit  photorefractivity.  Using  a 
visible  microscope,  we  were  able  to  view  the  internal  scattering  of  a  ZnTe:V  crystal.  A  photograph 
taken  using  this  microscope  is  shown  in  Figure  18.  This  crystal  showed  significant  scattering, 
particularly  at  the  sights  of  precipitates. 

For  good  photorefractivity,  very  high  resistivity  samples  were  required.  The  resistivity  of 
our  samples  was  measured  using  a  simple  circuit  in  which  the  sample  was  connected  in  series 
with  known  and  thermally  stable  resistors.  All  as-grown  crystals  were  p-type  and  had  a  very  high 
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resistivity  in  the  range  of  5x10  to  1x10  Q-cm.  A  vanadium-manganese  co-doped  crystal  had  a 
relatively  lower  resistivity  of  105  -  106  Q-cm.  This  was  to  be  expected  since  the  addition  of 
manganese  to  die  crystal  typically  increases  the  photorefractivity  but  decreases  the  resistivity. 

The  nature  of  the  spectral  absorption  of  the  sample  in  the  vicinity  of  the  band-edge 
provided  the  preliminary  indication  of  the  photorefractive  properties  of  the  sample.  Detailed 
optical  absorption  spectroscopy  was  carried  out  in  the  580  to  2000nm  wavelength  range  for  each 
sample.  This  long  measurement  range  provided  valuable  information  about  the  deep  centers, 
native  defects,  shallow  levels  and  scattering  properties  of  the  ZnTe  samples.  Features  in  the 
optical  absorption  spectra  between  800  to  1600nm  appear  to  be  due  to  the  vanadium  dopant. 

The  photorefractive  properties  were  characterized  by  two  beam  coupling.  Two  S- 
polarized  unexpanded  Gausian  beams  with  a  beam  ratio  of  20:1  in  the  <11 0>  plane  forming  a 
grating  along  <00 1>  direction  was  used.  Measurements  of  photorefractive  gain  of  a  ZnTe:V 
crystal  at  775nm,  860nm  and  1064nm  are  shown  in  Figures  19  through  21,  respectively.  The  solid 
curve  in  these  figures  are  fit  using  the  single  carrier,  single  trap  model.  The  effective  carrier 
concentrations  for  each  plot  are  shown  on  the  figures  and  range  from  0.8  x  1015  to  3.0  x  1015  cm'3. 
All  the  measurements  revealed  a  strong  photorefractive  nonlinear  effect. 
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Figure  18.  View  of  the  bulk  of  a  ZnTe:V  crystal  showing  significant  scattering. 
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Figure  21  Photorefractive  coupling  in  ZnTerV  at  X  =  1064nm. 


Results  of  the  photorefractive  measurements  from  another  ZnTe:V  crystal  are  shown  in 
Figure  22.  This  figure  shows  the  photorefractive  gain  versus  the  grating  wavevector  measured  using 
a  source  wavelength  of  780  nm  and  an  intensity  of  2.5  W/cm2.  The  grating  was  along  the  <1 1 1> 
direction  and  the  polarization  was  parallel  to  kg.  The  solid  line  in  the  plot  corresponds  to  ko  - 
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Figure  22  Photorefractive  coupling  in  ZnTe:V  at  X  =  780nm. 

The  two-beam  coupling  gain  versus  grating  period  for  the  wavelengths  0.75pm,  1.06pm 
and  1.3pm  for  a  co-doped  ZnTe  (ZnTe:V:Mn)  sample  are  shown  in  Figure  23.  This  sample  of 
ZnTe  was  photorefractive  from  <  700nm  to  at  least  1.3pm.  There  is  no  sign  of  gain  reversal  due 
to  electron-hole  competition,  and  the  drop  in  gain  with  wavelength  is  as  expected.  The  effective 
electro-optic  coefficient  determined  by  fitting  the  data  to  the  theory  is  2.4  pm/V,  which  is 
somewhat  less  than  expected  for  ZnTe. 
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Figure  23  Two  beam  coupling  gain  versus  grating  period  at  different  wavelengths 
for  ZnTe:Mn:V. 


Figure  24  shows  the  two-beam  coupling  gain  as  a  function  of  intensity.  There  is  no  fall 
off  in  gain  due  to  dark  current  down  to  intensities  of  0. 1  mW/cm2. 
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Figure  24  Two  beam  coupling  gain  as  a  function  of  intensity  for  ZnTe:Mn:V. 


Finally,  Figure  25  shows  the  photorefractive  response  time  versus  intensity.  The  slope  of 
the  line  is  -0.95,  which  is  very  close  to  T1  dependence,  indicating  that  secondary  centers  are  not 
present,  or  at  least  do  not  contribute  to  the  photorefractive  effect  at  these  intensity  levels. 
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Figure  25  Photorefractive  response  time  versus  intensity  for  ZnTe:Mn:V. 

We  also  characterized  the  transmission  and  photorefractive  coupling  of  the  scandium  doped 
ZnTe  sample.  The  absorption  curves  and  transmission  spectrum  for  this  sample  are  shown  in  Figure 
26.  The  transmission  in  die  NIR  was  approximately  80%  after  correction  for  Fresnel  reflection. 
Figure  27  shows  the  photorefractive  gain  (T)  versus  the  grating  wave  vector  (kg)  for  this  same 
sample.  This  crystal  of  ZnTe:Sc  had  an  optimal  grating  spacing  of  1.6  pm  at  X  =  776  nm 
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Figure  26  Absorption  curves  and  transmission  spectrum  for  ZnTe:Sc. 
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Figure  27  Photorefractive  coupling  for  ZnTerSc  at  X  =  776nm. 


4.3  Characterization  of  Cdi.xZnxTe 

Because  of  the  separation  between  the  liquidus  and  solidus  curves  in  the  pseudobinaiy 
phase  diagram  of  CdTe-ZnTe  [13],  growth  of  high  quality  Cdi.xZnxTe  is  difficult  to  achieve.  This 
phase  separation  leads  to  segregation  between  the  components  and  poor  compositional 
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homogeneity  in  the  as-grown  crystal  which  in  turn  lead  to  increased  scattering  and  variation  in 
wavelength  response.  Consequently,  most  of  the  Cdi-xZnxTe  crystals  (approximately  90%)  that 
were  grown  during  this  project  had  no  transmission  in  the  near  infrared  wavelength  region. 
Furthermore,  those  crystals  which  were  transparent  in  the  NIR  had  fairly  high  absorption.  During 
this  project,  we  were  able  to  grow  one  Cd].xZnxTe  crystal  with  relatively  low  absorption  in  the  NIR. 
This  crystal  had  a  10%  composition  of  zinc  (ie,  Cdo.90Zno.10Te  ).  The  absorption  curve  for  this 
crystal  is  shown  in  Figure  28.  This  crystal  showed  a  minimum  in  absorption  near  the  1 .3  pm  range. 
At  1.318  pm,  the  absorption  coefficient  was  a=0.289  cm'1.  Photorefractive  measurements 
performed  at  1 .3  pm  and  at  a  grating  spacing  of  1  pm  showed  the  gain  to  be  ~  0.27  cm'1. 


Figure  28  The  absorption  curve  for  Cdo.90Zno.10Te  crystal. 

In  order  to  achieve  device  quality  Cdi.xZnxTe  crystals,  it  is  necessary  to  reduce  the 
segregation  of  the  components  during  growth.  One  way  that  this  can  be  achieved  is  to  grow  the 
crystals  using  the  travelling  heater  method  (THM).  THM  involves  the  slow,  relative  movement  of 
a  tellurium  zone  through  a  source  material  of  good  compositional  uniformity.  Typically,  high 
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quality  homogeneous  material  can  be  obtained  through  very  precise  temperature  control,  high 
temperature  gradients  in  the  growth  region,  and  a  low  speed  of  growth.  Thus,  use  of  THM  with  a 
strict  control  over  the  solid/liquid  interface  during  growth  should  be  investigated  for  the  production 
of  photorefractive  Cdi.xZnxTe  crystals. 

5.0  Conclusions 

In  order  to  attain  the  goal  of  this  research,  the  following  tasks  were  performed: 

1.  Purification  of  the  constituent  elements  (cadmium,  tellurium  and  zinc)  through  vacuum 
distillation  and  sublimation. 

2.  Synthesis  of  the  compounds  (CdTe  and  ZnTe). 

3.  Low  super  saturation  nucleation  and  “contactless”  growth  by  physical  vapor  transport  of 
ZnTe  and  CdTe  crystals. 

4.  Bridgman  growth  of  CdTe  and  Cd].xZnxTe  crystals. 

5.  Investigation  of  growth  rate  as  a  function  of  furnace  profile,  ampoule  geometry,  material 
stoichiometry  and  hydrogen  pressure. 

6.  Sample  preparation  and  orientation  using  x-ray  diffraction  and  Laue  analysis. 

7.  Examination  of  the  internal  crystalline  structure  of  the  grown  crystals  using  infrared  and 
visible  microscopy. 

8.  Characterization  of  the  crystals  in  terms  of  their  transport  properties  and  optical 
transmission. 

9.  Photorefractive  characterization  of  the  crystals. 

10.  Optimization  of  growth  conditions  based  on  crystal  analysis. 

In  this  work,  we  demonstrated  the  growth  of  ZnTe  and  CdTe  crystals  using  a  modified 
"contactless"  method  in  which  nucleation  occurs  at  low  supersaturation.  Nucleation  at  low 
supersaturation  provides  a  nucleus  with  very  good  crystallographic  qualities  and  the  resulting 
crystals  were  high  quality.  Crystals  24mm  in  diameter  and  up  to  40gm  in  weight  were  grown  in 
specially  designed  ampoules.  These  ampoules  were  constructed  in  such  a  way  that  additional 
purification  and  improvement  of  stoichiometry  of  the  source  material  during  growth  was 
possible.  Vanadium  and  manganese  doping  at  a  level  sufficient  to  produce  photorefractive 
material  was  achieved. 

We  found  during  our  work  that  only  the  transition  metal  vanadium  was  successful  in 
producing  photorefractivity  when  used  as  the  dopant  in  the  CdTe  and  Cdi.xZnxTe  crystals.  The 
addition  of  manganese  along  with  the  vanadium  was  found  to  enhance  file  photorefractive 
properties  of  the  crystals,  but  manganese  alone  did  not  induce  photorefractivity  in  the  crystals.  We 
also  found  that  the  transition  metal  scandium  produced  photorefractive  material  when  added  to 
ZnTe,  so  during  this  project,  one  scandium  doped  ZnTe  crystal  was  grown.  At  this  time,  the  role  of 
the  vandium  dopant  in  the  band  structure  of  the  photorefractive  crystals  is  not  clearly  understood. 
Thus,  further  study  into  this  area  is  needed  in  order  to  optimize  the  photorefractive  gam  of  these 
crystals. 
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During  this  work  we  also  grew  crystals  of  CdTe  and  Cd].xZnxTe  crystals  using  the 
Bridgman  technique.  Because  of  the  separation  between  the  liquidus  and  solidus  curves  in  the 
pseudobinary  phase  diagram,  growth  of  high  quality  Cdi.xZnxTe  is  difficult  to  achieve. 
Consequently,  most  of  the  Cd].xZnxTe  crystals  that  were  grown  during  this  project  had  no 
transmission  in  the  near  infrared  wavelength  region.  Furthermore,  those  ciystals  which  were 
transparent  in  the  N1R  had  fairly  high  absorption.  During  this  project,  we  were  able  to  grow  one 
Cd].xZnxTe  crystal  with  relatively  low  absorption  in  the  NIR,  and  this  crystal  did  exhibit 
photorefractivity  with  a  gain  of  approximately  0.22cm'1  at  Ag  =  1.3pm  and  X  =  1.3  pm.  Further 
investigation  into  the  growth  of  photorefractive  Cd].xZnxTe  is  warranted. 

The  crystals  grown  during  this  project  were  evaluated  based  on  optical,  electrical  and 
structural  characterization.  The  photorefractive  measurements  conducted  during  this  work  were 
carried  out  at  0.633pm,  the  semiconductor  laser  wavelength  range  of  0.700  to  0.850pm  and  the 
important  optical  communication  wavelengths  of  1.3  and  1.5pm.  In  vanadium  doped  ZnTe,  we 
observed  a  photorefractive  gam  of  0.6cm'1  at  a  wavelength  of  0.80pm  and  a  grating  spacing  of 
lpm.  The  photorefractive  gain  observed  in  vanadium-manganese  codoped  ZnTe  was  much 
higher  than  the  gain  in  ZnTe:V.  The  photorefractive  gain  in  ZnTe:V:Mn  (at  lpm  grating 
spacing)  at  0.63pm  was  1.52cm'1  and  at  0.80pm  it  was  1.3cm'1.  In  CdTe:V,  the  two  beam 
coupling  gain  at  Ag  =  0.6pm  and  X  =  870nm  was  approximately  1.1  to  1.2  cm'1. 

With  the  successful  growth  of  high  quality  crystals,  our  materials  can  be  used  in  a  variety 
of  applications  involving  detectors  and  electro-optic  devices. 
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